Introduction {#S0001}
============

Prostate cancer is the second most commonly diagnosed cancer in men worldwide, and its incidence continues to grow in China.[@CIT0001],[@CIT0002] In spite of the great advances made in both radical and palliative treatment for prostate cancer, the development of castration-resistant prostate cancer (CRPC) and chemotherapy resistance remains to be two great challenges, which are closely related to poor chemosensitivity.[@CIT0003] Recently, endoplasmic reticulum (ER) stress has been studied as an important mechanism for chemotherapy resistance.[@CIT0004] In fact, castration treatment and/or taxane-based chemotherapy induce cancer cell ER stress and then activate the unfolded protein response signaling pathway. GRP78, as an important ER molecular chaperone, involved in various cellular activities, such as protein folding and assembly, protein quality control, ER Ca^2+^ binding, activation of transmembrane ER stress sensors.[@CIT0005] In addition, GRP78 has been found to be overexpressed in some tumor cells compared with normal cells. Accordingly, GRP78 has been recently considered as a therapeutic target in many tumors.[@CIT0006]--[@CIT0009] Some studies have shown that GRP78 plays important roles in both castration-resistance and drug resistance processes of prostate cancer, and GRP78 is an important downstream effector protein of the androgen receptor (AR).[@CIT0010]--[@CIT0014] Therefore, strategies aimed at interfering with GRP78 expression may shed some light on drug resistance mechanisms in prostate cancer. Actually, some studies reported that the silencing of GRP78 using siRNA effectively inhibited prostate cancer cell proliferation, metastasis and sensitized prostate cancer cells to castration therapy or chemotherapy.[@CIT0015]--[@CIT0017] Therefore, the combined use of a chemotherapeutic agent and the silencing of GRP78 may be a promising strategy to treat CRPC, and might even be effective in the treatment of metastatic CRPC.

Gene therapy gains more and more interest as an option to treat refractory cancers, and RNA interference technology is the most widely used approach. It is well-established that siRNA is an effective tool to knockdown some specific gene expression; the advantages of siRNA include its reduced toxicity and high specificity.[@CIT0018] However, due to its poor in vivo stability and poor cellular uptake, this approach requires an effective gene delivery vehicle to deliver the siRNA to target cancer cells.[@CIT0019] Over the past few years, various nanoparticle delivery vectors have been designed to effectively deliver chemotherapeutic agent and siRNA.[@CIT0020]--[@CIT0023] Among them, calcium phosphate (CaP) nanoparticles have attracted much attention with regard to its use in siRNA delivery.[@CIT0024],[@CIT0025] The positively charged Ca^2+^ ion can effectively condense the negatively charged siRNA to form a complex, which interacts with phosphate ion and finally forms the CaP/siRNA cores. In order to increase the nanoparticle stability, the CaP/siRNA core was coated with lipids, namely dioleoyl-sn-glycerol-3-phosphoethanolamine, dipalmitoyl-glycerol-3-phosphocholine, and poly(ethylene glycol)-conjugated distearoyl phosphatidylethanolamine (DSPE-PEG).[@CIT0025] The CaP nanoparticle could easily be internalized by cells, then the CaP/siRNA can be resolved in the lysosomes and the siRNA efficiently escaped from cell lysosomes by proton sponge effect, which enables the siRNA encapsulated in the nanoparticle to exert a much more durable gene silencing effect.[@CIT0025]

After prostate cancer patients reach the CRPC stage, androgen-deprivation therapy does not inhibit the disease progression into metastasis. Docetaxel (DTXL) is the only approved therapy that has been shown to prolong survival of metastatic CRPC patients, conferring a median survival of 2--3 months, while mitoxantrone and prednisone do not have such advantages.[@CIT0026] Continued signaling from the AR, activation of oncogenic survival pathway, and crosstalks between various signaling pathways contributed to DTXL resistance and CRPC progression.[@CIT0027] However, DTXL has so many side effects, especially hematological toxicity, that sometimes the standard dose of DTXL must be modified to decrease its toxicity reaction. Recently, many novel drug delivery systems have been developed to decrease the toxic side-effects of DTXL and enhance its stability in blood circulation. For instance, one group used a PLA-PEG nanoparticle to deliver DTXL, and effectively decreased the tumor volume whereas the same dose of free DTXL had almost no tumor growth inhibitory effect, this may be due to the sustained in vivo release of DTXL from drug-loaded nanoparticles.[@CIT0028]

In this study, we prepared a novel LCP-RGD drug delivery system, which can effectively compress siRNA into its core and load DTXL into its lipid layer (DOPA/RGD-PEG-DSPE), while the PEG polymer can effectively protect the nanoparticle from endocytosis by phagocytes and is beneficial to the stability of the nanoparticle in long blood circulation. The arginine-glycine-aspartic acid (RGD) segment is very important for this drug delivery system as it can target the prostate cancer site because the tumor site is characterized by neovascularization. This LCP-RGD codelivery system for GRP78 siRNA and DTXL may act synergistically to address the PC-3 cell drug resistance.

Materials and methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

PEG (Mn=2000), RGD, DSPE, and DOPA were purchased from Sigma--Aldrich Co., Ltd. (Shanghai, China). N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from GL Biochem Co., Ltd. (Shanghai, China). GRP78 siRNA and scrambled siRNA (negative control, NC) were designed and synthesized by Ruibo Biotechnology Inc. (Guangzhou, China) ([Table 1](#T0002){ref-type="table"}), rabbit anti-human GRP78 polyclonal antibody and anti-GAPDH monoclonal antibody were purchased from Abcam. Docetaxel (Adriamycin, ADR) was purchased from Beijing Huafenglianbo Technology Co., Ltd (Beijing, China). TRIzol® reagent was purchased from Invitrogen (Gibco, Paisley, Renfrewshire, UK), and 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) was purchased from Qianchen Biotechnology Inc. (Shanghai, China).Table 1Primers and GRP78 siRNA used in this studyNameForward (5ʹ to 3ʹ)Reverse (5ʹ to 3ʹ)Expected size (bp)GRP78GCTCCTGACTATGCCAAAGCTCTTCACCTCCAGGCTCAGT202GAPDHGTCAGTGGTGGACCTGACCTTGCTGTAGCCAAATTCGTTG245GRP78 siRNA GAAAGUAUACCUCCAGUUUUU 21Scramble siRNA AAGGTGGTTGTTTTGTTCACT 21

PC-3 cell line was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), and cells were grown in DMEM medium (Paisley, UK) containing 10% fetal bovine serum at 37°C in a humidified environment containing 5% CO~2~.

Nude male Balb/c mice (4--6 weeks old; body weight: 14−21 g) were purchased from the Jining Medical University (Jining, China). All animal procedures were performed according to the research protocol approved by the Animal Care and Use Committee of Jining No.1 People's Hospital, and this study was approved by this committee.

Synthesis and characterization of the copolymer {#S0002-S2002}
-----------------------------------------------

DSPE-PEG~2000~-RGD copolymers were synthesized according to our previous study.[@CIT0029] Briefly, the following synthesis procedures were performed: 1) DSPE-PEG~2000~-NHS was synthesized by copolymerizing the DSPE and NHS-PEG~2000~-NHS; 2) DSPE-PEG~2000~-RGD was prepared using NHS and DIC to graft RGD to the DSPE-PEG~2000~-NHS. Then, the composition of the RGD-PD copolymers was determined by ^1^H-NMR spectroscopy using a 400 MHz WB Solid-state NMR Spectrometer (Avance III, Bruker, Germany).

Preparation and physicochemical characterization of the nanoparticles {#S0002-S2003}
---------------------------------------------------------------------

The LCP-RGD nanoparticle was prepared with reference to previous studies.[@CIT0024],[@CIT0029],[@CIT0030] Briefly, two water in oil microemulsions was prepared: 1) 100 μL of 500 mM CaCl~2~ and 16 μL of 2 mg/mL siRNA were emulsified in 8 mL cyclohexane oil phase using the JY92-II ultrasonic cell disruptor from Ningbo Scientz Biotechnology Co. Ltd., (Ningbo, China). 2) 100 μL of 100 mM pH 9.0 Na~2~HPO~4~ in 8 mL cyclohexane oil phase with 320 μL of 20 mM DOPA added as the inner leaflet lipid. After mixing the two microemulsions for 45 mins, 30 mL of absolute ethanol was added and the mixture was centrifuged at 12,500 g for 15 mins to precipitate the CaP cores. To create the outer leaflet lipid coating, 100 μL of 20 mM of DSPE-PEG~2000~-RGD micelle (DTXL: 0.1 mg/mL, 10 μg dissolved in 100 μL of chloroform) was mixed with the cores, and suspended in a small volume of ethanol and then dispersed in water.

Nanoparticle stability evaluation {#S0002-S2004}
---------------------------------

A total of 2 mL of LCP-RGD nanoparticles was stored in 5 mL of phosphate-buffered saline (PBS) (0.1 M, pH 7.4) or 5% BSA with continuous stirring at 128 rpm, at 4°C or 37°C for 6 days. Then, the size of the nanoparticles was measured at 0, 1, 2, 3, 4, 5, and 6 days with a Zetasizer IV analyzer (Malvern Zetasizer Nano ZS90, UK). And the corresponding polydispersity index (PDI) of nanoparticles was also evaluated.

Analysis of physical and chemical properties of nanoparticles {#S0002-S2005}
-------------------------------------------------------------

The size and surface potential of blank nanoparticles were measured with Zetasizer IV analyzer (Malvern Zetasizer Nano ZS90, UK). The morphology and size of blank nanoparticles were evaluated using a transmission electron microscope (H-800; Hitachi, Japan).

The DTXL or siRNA encapsulated in nanoparticles was assessed using UV spectrophotometry. Briefly, 4 mL of DTXL NPs or siRNA NPs was centrifuged (15,000 rpm × 30 mins) at 4°C, and DTXL or siRNA concentration in the supernatant was determined by UV spectrophotometry. The drug encapsulation efficiency (EE%) was expressed as the percentage of the amount of DTXL or siRNA encapsulated in the nanoparticles in relation to the total amount of DTXL or siRNA initially added. The drug loading (DL%) was expressed as the percentage of the amount of DTXL or siRNA encapsulated in the nanoparticles with regard to the total amount of nanoparticles initially added.

In vitro release of DTXL and GRP78 siRNA {#S0002-S2006}
----------------------------------------

The release profile of nanoparticles in PBS or Tris-EDTA (TE) buffer solution was evaluated using a dialysis method. Briefly, 2 mL of NPs loaded with DTXL or siRNA was added into in a dialysis bag (Greenbird Inc, Shanghai, China) and gently shaken at 37°C. Aliquots 2 mL in volume were drawn and replaced with an equal volume of fresh media. The concentration of DTXL or siRNA was measured using UV spectrophotometry at a wavelength of 480 or 260 nm, respectively.

Cell viability analysis {#S0002-S2007}
-----------------------

The cytotoxicity of LCP-RGD against PC-3 cells was evaluated with the MTT assay. The PC-3 cells were seeded into 96-well plates at a concentration of 5×10^3^ cells/well and incubated for 24 hrs, and then the cells were incubated for 24, 48, and 72 hrs with different concentrations of blank LCP-RGD NPs. Then, an MTT-water solution (100 μL, 5 mg/mL) was added into each well and incubated for 4 hrs. After incubation, the culture medium was completely replaced with 100 μL of DMSO and incubated for 10 mins. The absorbance was then measured at 490 nm with a microplate reader from Bio-Rad Laboratories (CA, USA). We also tested the cytotoxicity of free DTXL, free siRNA, free DTXL + siRNA, NPs (DTXL + siRNA) against PC-3 cells (DTXL 1 μg/mL, siRNA 50 nM) using the same method.

Additionally, we used Calcein AM staining to evaluate the cell viability of PC-3 cell; green fluorescence of the cytosol indicated viable cells. PC-3 cells were incubated with different formulations of DTXL and siRNA in 12-well plates for 24 hrs; after 24 hrs incubation, the media was replaced with 1 mL PBS containing 1 μL of Calcein AM stock solution (1 mg/mL in DMSO) for 30 mins. Subsequently, each well was washed twice with PBS and observed using an IX-51 fluorescence microscope from Olympus Optical Company, Ltd (Tokyo, Japan).

Blood compatibility assays {#S0002-S2008}
--------------------------

### Calculation of whole blood clotting time (CT) {#S0002-S2008-S3001}

The CT was determined by the Lee-White method. Initially, NPs were placed in the silicified glass tubes. Blood was rapidly taken from the healthy New Zealand White rabbits. As soon as the blood began to enter into the syringe, timing was started. Then, 1 mL of blood was quickly injected into the tubes containing NPs, at a final concentration of 1 mg/mL. After 30 s, the tubes were tilted 30° at each interval of a predetermined time until they were tilted to 90° and the blood was no longer able to flow. Then, at this timepoint, the CT was recorded. The blank group and polyethyleneimine group were used as negative and positive control, respectively. Every experiment was performed at a temperature of 37 °C (n=3).

### Plasma recalcification time (PRT), PT, and APTT {#S0002-S2008-S3002}

Exposing NPs to blood has the potential to produce a coagulation cascade. To determine the effect of the prepared NPs on the blood coagulation cascade, a few coagulation assays were performed. PRT was used to determine the CT in which the platelet-poor plasma (PPP) is coagulated by a substrate after activating prothrombin (factor І) in the presence of Ca^2+^. PPP was obtained by centrifuging anticoagulated blood (blood/3.8% citrate acid solution =9:1), which was collected from healthy New Zealand White rabbits, at 3,000 rpm for 10 mins. PT is primarily used in order to evaluate the extrinsic coagulation pathways. These extrinsic pathways can reflect the effects of NPs for coagulation factors І, II, V, VII, X signaling pathway. APTT is primarily incorporated in order to evaluate the intrinsic coagulation pathways. These intrinsic pathways can reflect the effects of NPs on coagulation factors VIII, IX, XI, XII signaling pathway.

PRT: The NPs samples (1 mg/mL) were prepared by directly dissolving the NPs in 0.025 M CaCl~2~. Next, 100 μL of the NPs sample was added into a silicified glass tube. A volume of 100 μL of PPP was preheated to a temperature of 37°C and added into the NPs samples. After a time period of 50--100 s, the glass tubes were tilted every 1--2 s in order to evaluate the CT. The glass tube and the siliconized glass tube were used as a positive and negative control, respectively.

PT and APTT: 0.9 mL of PPP were incubated with 0.1 mL of NPs solution (10 mg/mL) and incubated for a time period of 30 mins at 37°C. Then, 0.5 mL of PT Hemostasis reagent (Labtest®) or APTT partial thromboplastin reagent (Labtest®) were added in conjunction with 0.5 mL of CaCl~2~ (0.025 mol/L) to the plasma samples. The PT and APTT were determined on a coagulation analyzer. Normal saline treated-PPP was used as negative control (n=3).

### Complement activation {#S0002-S2008-S3003}

Serum was obtained from the blood of healthy rabbits that was collected into glass vacutainers in the absence of anticoagulants. Blood was allowed to coagulate for 1 hr at 37°C. At that point, the blood was centrifuged at 1,000 g for 20 mins, and then the serum was collected. The NPs were added into the serum in order to form a solution with the NPs at a concentration of 1 mg/mL. The solution was incubated for 1 hr at 37°C. The turbidimetric method was used to assess the concentration of the complement protein C3 in the serum following the kit manufacturer protocol.

Gene silencing efficiency assay {#S0002-S2009}
-------------------------------

PC-3 prostate cancer cells were seeded in 12-well plates at a density of 2×10^5^ cells/well and cultured for 24 hrs (37°C, 5% CO~2~). After 24 hrs, the culture medium was changed to RPMI-1640 (free of fetal serum). Free GRP78 siRNA, scramble siRNA and GRP78 siRNA NPs (0.4 µg siRNA per well) were added to the wells. After incubation for 48 hrs, the gene silencing effect of siRNA was quantitated using real-time PCR. The primers used in this study are shown in [Table 1](#T0002){ref-type="table"}. Data analysis was performed using the ΔΔCt method, with the Ct value of GAPDH as the standard, ΔCt=the Ct value of GRP78 gene -- Ct value of GAPDH. The expression of GRP78 gene was reported as 2-ΔΔCt.

Western blotting analysis {#S0002-S2010}
-------------------------

PC-3 cells were plated in six-well plate at a concentration of 5×10^6^ cells/well, and incubated for 24 hrs. Then, cells were lysed with RIPA lysis buffer supplemented with protease inhibitor phenylmethylsulfonyl fluoride (1 mM). Bicinchoninic acid protein assay (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine protein concentration. Protein was separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Millipore, MA, USA). The membrane was incubated with GAPDH primary antibody (Abcam), GRP78 antibody (Abcam), LC3 antibody (Abcam). This was followed by incubation with HRP-conjugated secondary goat anti-rabbit or anti-mouse antibody at 37°C for 1 hr, and the images were captured in a Bio-Rad imaging system (Shanghai, China).

Evaluation of cell cycle and apoptosis {#S0002-S2011}
--------------------------------------

The PC-3 cells were plated, separately, into six-well culture plates at 5×10^5^ cells/well, and incubated for 24 hrs at 37°C. The cells were further incubated for a period of 24 hrs with free DTXL, free GRP78 siRNA, free DTXL + free siRNA, or NPs (DTXL + siRNA) at an equivalent concentration of DTXL (0.2 μg/mL) or siRNA (100 nM) for 24 hrs. Subsequently, cells were harvested at the predetermined time points and fixed in 1 mL cold 70% ethanol for 24 hrs. Afterwards, the cells were centrifuged, washed, and incubated with 0.1% RNase A for 1 hr at 37°C. Finally, the cells were stained with propidium iodide (PI) for 30 mins at 4°C, and analyzed by a FACScan flow cytometer from Becton Dickinson (New York, NY, USA). Cells without any treatment were considered to be negative control.

Cell apoptosis was assessed using Annexin V-PI (Beyotime Co., Ltd, Haimen, China). Briefly, the PC-3 cells were seeded into a six-well plate at a concentration of 4×10^5^ cells/well and incubated for 24 hrs. Then, PC-3 cells were incubated with free DTXL, free GRP78 siRNA, free DTXL + free siRNA, NPs (DTXL + siRNA) at an equivalent concentration of DTXL (0.2 μg/mL) or siRNA (100 nM) for 24 hrs. Then, cells were collected and centrifuged (1,500 rpm ×5 mins), resuspended in PBS and incubated with 195 μL of binding solution. The cells were incubated with 5 μL of Annexin V-FITC and 10 μL of PI solution. After incubation for 15 mins at room temperature, the cells were analyzed with FACScan flow cytometry from Becton Dickinson. Cells that were not treated with Annexin V-PI were used as a control.

Therapeutic effects {#S0002-S2012}
-------------------

The PC-3 prostate cancer-bearing cells were established in nude female BALB/c mice by subcutaneous inoculation of a suspension of PC-3 cells (2×10^6^ cells/100 μL) into the armpit. Animal experiments were not carried out until the volume of the tumor grew to approximately 50 mm^3^. Then, the PC-3 cancer-bearing mice described earlier were randomly divided into five groups (five mice per group), and treated with different treatments: (1) PBS, (2) free DTXL, (3) free siRNA, (4) free DTXL + free siRNA, or (5) NPs (DTXL + siRNA). The nude mice were treated every 3 days for 24 days. During the period of prostate cancer therapy, the surviving mice were monitored throughout the experiment. siRNA were administered at an equivalent dose of 1.3 mg/kg in the aforementioned group, DTXL were administered at an equivalent dose of 2 mg/kg. The tumor size was measured by a Vernier caliper, and its volume (*V*) was calculated as *V*=*d*2\**D*/2, where *d*and *D*corresponded to the shortest and the longest diameter of the tumor in mm, respectively. After the period of treatment, the mice were sacrificed to obtain the tumor, heart, liver, spleen, lung, and kidney, and the morphology of these major organs was observed.

Statistical analysis {#S0002-S2013}
--------------------

SPSS 13.0 statistical software was utilized to analyze the relevant data. All data experiements were performed in triplicate. The two-tailed Student's *t*-test was used to compare the means between two independent samples; One-way ANOVA was used to measure the differences between the means of multiple samples; comparison among groups was performed by the SNK method. Log-rank analyses were used to analyze significance in Kaplan--Meier survival curves. and *P*\<0.05 indicated that the differences were statistically significant.

Results {#S0003}
=======

Characterization of NPs {#S0003-S2001}
-----------------------

The scheme for the preparation of LCP-RGD preparation is shown in [Figure 1A](#F0001){ref-type="fig"}, and the surface of nanoparticles used to codeliver DTXL and siRNA ([Figure 1B](#F0001){ref-type="fig"}) was smooth and no aggregation was observed. The size and zeta potential of different nanoparticles are shown in [Table 1](#T0002){ref-type="table"}; the size and zeta potential of DTXL and siRNA-loaded nanoparticles were 39.7 nm and −24.2 mV, respectively ([Table 2](#T0003){ref-type="table"}). The PDI was 0.142. The results revealed that these LCP-RGD nanoparticles can effectively encapsulate DTXL and siRNA, and the drug encapsulation efficiency of DTXL and siRNA was 83.8% and 82.4%, respectively.Table 2The characterization of drug loaded RGD-LCP nanoparticlesNPsParticle size (nm)P.I.Zeta potentialEE (%)DL (%)LCP-RGD32.8±2.240.119−22.8±0.73NP-siRNA35.7±2.350.128−23.4±0.5983.8±5.712.33±0.24NP-DTXL\
NP-DTXL/siRNA36.4±2.57\
39.7±2.410.103\
0.142−23.8±0.87\
--24.2±1.1482.4±6.482.41±0.21[^2][^3] Figure 1Characterization of the LCP-RGD nanoparticles. (**A**) Schematic illustration of the nanoparticle. (**B**) TEM image of the nanoparticle.**Abbreviations:** LCP, lipid/calcium/phosphate; RGD, arginine-glycine-aspartic acid; DOPA, dioleoylphosphatydic acid; DSPE-PEG, 1,2-distearoryl-sn-glycero-3-phosphoethanolamine-N-\[methoxy(polyethyleneglycol-2000)\]; DTXL, docetaxel.

Drug-loaded nanoparticles stability and release profile {#S0003-S2002}
-------------------------------------------------------

Nanoparticles stability is very important for nanoparticle storage, optimal therapeutic effect, and in vivo targeting effect. It was found that LCP-RGD nanoparticles were stable in PBS at 4°C for 48 hrs, as the size of the nanoparticles remained at less than 40 nm with no noticeable changes, and the PDI values were less than 0.2 during the storage period of 48 hrs. However, when the nanoparticles were stored in 5% BSA, the nanoparticle size changed from 42 to 45 nm between day 0 and day 6, and the PDI was less than 0.20. These results indicated that the LCP-RGD nanoparticles had good stability at 4°C or in 5% BSA ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}).Figure 2Stability profile and drug release profile of the nanoparticle. (**A**) Size change of blank LCP-RGD nanoparticle in PBS at 4°C; (**B**) Size change of blank LCP-RGD nanoparticle in 5% BSA at 37°C; (**C**) DTXL released from DTXL-loaded LCP-RGD nanoparticles in PBS; (**D**) DTXL released from DTXL-loaded LCP-RGD nanoparticles in PBS.**Abbreviations:** LCP, lipid/calcium/phosphate; RGD, arginine-glycine-aspartic acid; DTXL, docetaxel; BSA, bovine serum albumin; NP, nanoparticle.

Nanoparticle drug delivery had a distinct advantage that drug or siRNA could be released from nanoparticle in a controlled manner, and can exert long-term effects toward tumor cells. We found that the siRNA or DTXL could be released from drug-loaded nanoparticles in a sustainable manner. As for DTXL, the free DTXL released 71.2%, 74.3%, and 80.4% at 24, 48, and 72 hrs, respectively, while the DTXL-siRNA codelivered nanoparticles released 44.7, 53.3, and 61.3 during 24, 48, and 72 hrs, respectively. We also found that DTXL loaded by nanoparticles released much more slowly than the free DTXL ([Figure 2C](#F0002){ref-type="fig"}). As for the siRNA, free siRNA released 62.4%, 73.5%, and 81.4% at 24, 48, and 72 hrs, respectively, while the DTXL-siRNA codelivered nanoparticles released 46.4, 59.7%, and 64.6% for 24, 48, and 72 hrs, respectively, and after siRNA being loaded by nanoparticles, siRNA released much more slowly than the free siRNA ([Figure 2D](#F0002){ref-type="fig"}).

GRP78 expression after treatment with different formulations of the siRNA-loaded nanoparticle {#S0003-S2003}
---------------------------------------------------------------------------------------------

The real-time PCR analysis and Western blotting analysis results showed that GRP78 was robustly expressed in PC-3 cells at the mRNA and protein level ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). The negative control siRNA (scrambled siRNA) had almost no gene silencing effects. Compared with the free siRNA group (gene expression level was 0.83), the siRNA-NPs showed more efficient gene silencing effect and the GRP78 gene expression level was only 0.34 compared with the control group; even at a concentration of less 5 nM the siRNA effectively silenced gene expression. This may be due to the effective encapsulation of the siRNA by LCP-RGD nanoparticles, which prevent free siRNA from degradation. The other reason is that the CaP core may induce the siRNA escape from the endosome, and then siRNA could bind with the target mRNA in the cytoplasm.Figure 3GRP78 gene and GRP78 protein expression determined by real-time PCR analysis (**A**) and Western blotting analysis (**B**). siRNA encapsulated into the LCP-RGD shows the most effective gene silencing activity. Data were expressed as the mean ± SD (n=3).**Abbreviations:** LCP, lipid/calcium/phosphate; RGD, arginine-glycine-aspartic acid; DTXL, docetaxel; NP, nanoparticle; GRP78, glucose-regulated protein of 78 kDa.

Changes of the siRNA-transfected PC-3 cells sensitivity to DTXL {#S0003-S2004}
---------------------------------------------------------------

The MTT assay was used to calculate the IC50 values of PC-3 cells after treatment with different formulations of DTXL and/or siRNA. The IC50 values of PC-3 cells treated with different formulations are shown in [Table 3](#T0004){ref-type="table"}, demonstrating that 0.32 μg/mL of free DTXL induced a 50% reduction in PC-3 cell proliferation. However, for free DTXL + free siRNA, the concentration required for 50% inhibition of cell proliferation was 0.27 μg/mL. As expected, the exposure of PC-3 cells to nanoparticles codelivering DTXL and siRNA significantly decreased the IC50 value of PC-3 cells treated with DTXL and GRP78 siRNA (IC50 values of 0.15 μg/mL for siRNA and DTXL codelivered NPs).Table 3IC50 values of DTXL in PC-3 cells after transfection with different DTXL and siRNA formulationsCellGroupsIC50 (μg/mL)PC-3Free DTXL0.32±0.013Free DTXL + siRNA0.27±0.016NPs (DTXL + siRNA)0.15±0.023[^4]

PC-3 cells viability treated with different nanoparticles formulations {#S0003-S2005}
----------------------------------------------------------------------

First, we evaluated the cytotoxicity effects of blank LCP-RGD; different concentrations (from 10 to 1,000 μg/mL) of blank nanoparticles had almost no cytotoxicity toward PC-3 cells, since after incubation with nanoparticles for 24 and 48 hrs, cell viability was still above 80% ([Figure 4A](#F0004){ref-type="fig"}). Then, we evaluated the cell-killing effect of DTXL and/or siRNA-loaded nanoparticles on PC-3 cells after incubation for 24 hrs; the viability of cells in the control group, free DTXL group, free siRNA group, free DTXL + free siRNA group, NPs (DTXL + siRNA) group was 100%, 84%, 95%, 63%, and 42%, respectively. Codelivery of DTXL and siRNA via nanoparticles had the most potent antitumor effects, that is much better than simultaneous usage of free DTXL and free siRNA ([Figure 4B](#F0004){ref-type="fig"}), which was consistent with the Calcein AM staining results ([Figure 4C](#F0004){ref-type="fig"}).Figure 4Cell viability of PC-3 cells treated with different concentrations of blank LCP-RGD nanoparticle (**A**), different siRNA or DTXL formulations (**B**), cell viability was assessed by Calcein staining (**C**).**Abbreviations:** LCP, lipid/calcium/phosphate; RGD, arginine-glycine-aspartic acid; DTXL, docetaxel; NP, nanoparticle.

Cell cycle arrest and cell apoptosis effects of drug-loaded nanoparticles {#S0003-S2006}
-------------------------------------------------------------------------

In order to determine whether the PC-3 cell growth inhibitory was associated with cell cycle arrest and apoptosis, we evaluated the effect of exposure to the drug and/or siRNA-loaded nanoparticles for 24 hrs on cell cycle and apoptosis in PC-3 cells. The proportion of G2/M phase cells of the control group, free DTXL group, free siRNA group, free DTXL + free siRNA group, and NPs (DTXL + siRNA) was 18.0, 23.2, 19.7, 24.1%, and 30.4%, respectively. Meanwhile, the total apoptosis rate of cells in the control group, free DTXL group, free siRNA group, free DTXL + free siRNA group, and NPs (DTXL + siRNA) group was 1.9%, 17.7%, 2.5%, 37.1%, and 66.4%, respectively. Therefore, the NPs (DTXL + siRNA) had the strongest inducing effect on the G2/M cell cycle arrest and cell apoptosis including total apoptosis and late apoptosis, compared with cells in the other three groups (*p*\<0.05). Thus, we conclude that codelivery of DTXL and siRNA via nanoparticles has a synergistic effect on cell cycle arrest and apoptosis induction, which is much stronger than that of simultaneous treatment with free DTXL and free siRNA ([Figure 5](#F0005){ref-type="fig"}).Figure 5PC-3 cell cycle analysis and cell apoptosis analysis after incubation with free DTXL, free siRNA, free DTXL + siRNA, NPs (DTXL + siRNA) for 24 hrs. The NPs (DTXL + siRNA) group can induce cell cycle arrest at the G0/G1 phase (**A**). The percentages early apoptosis (EA), the late apoptosis (LA), and total apoptosis (TA) are the most in the NPs (DTXL + siRNA) group (**B**). Data were expressed as the mean ± SD (n=3).**Abbreviations:** DTXL, docetaxel; NP, nanoparticle.

Blood compatibility analysis {#S0003-S2007}
----------------------------

Blood compatibility is very important for nanoparticle usage in the clinic. Therefore, we evaluated blood compatibility with free DTXL group, free siRNA group, free DTXL + free siRNA group, and NPs (DTXL + siRNA). The CT, APPT, PT, and PRT values of NPs (DTXL + siRNA) did not change significantly when compared with control group; this finding indicated that the drug/siRNA loaded NPs possessed excellent blood compatibility ([Figure 6A](#F0006){ref-type="fig"}--[C](#F0006){ref-type="fig"}). Then, we evaluated complement C3 activation, and the results indicated that C3 was not activated in the NPs (DTXL + siRNA) group ([Figure 6D](#F0006){ref-type="fig"}).Figure 6Anticoagulation assays of LCP-RGD nanoparticle for 1 hr after injection. The clotting time (**A**), APTT, PT (), plasma recalcification time (**C**), and C~3~ concentration (**D**) was analyzed.**Abbreviations:** LCP, Lipid/Calcium/Phosphate; RGD, arginine-glycine-aspartic acid; NP, nanoparticle; APTT, activated partial thromboplastin time; PT, prothrombin time.

Cell cycle arrest mechanism and cell autophagy analysis {#S0003-S2008}
-------------------------------------------------------

To investigate the cell cycle arrest mechanism, we first evaluated changes in α-tubulin protein after PC-3 cells were treated with different formulations of DTXL and/or siRNA. The results revealed that the α-tubulin protein expression was much more effectively decreased in the NPs (DTXL + siRNA) group than in the other groups; this finding was consistent with the cell cycle analysis result. After the decrease of the α-tubulin protein level, the cell cycle was arrested at the G2/M phase ([Figure 7](#F0007){ref-type="fig"}). In order to determine whether the PC-3 cell growth inhibition was associated with cell autophagy, we evaluated the LC3 protein change; we found that the LC3I protein change to LC3II was most noticeable in cells of the NPs (DTXL + siRNA) group, this indicated that codelivery of DTXL and GRP78 siRNA could induce cell autophagy ([Figure 7](#F0007){ref-type="fig"}).Figure 7PC-3 cell α-tubulin and LC3 protein levels were analyzed after incubation with free DTXL, free siRNA, free DTXL + siRNA, or NPs (DTXL + siRNA) for 24 h.**Abbreviations:** DTXL, docetaxel; NP, nanoparticle.

In vivo tumor growth inhibition {#S0003-S2009}
-------------------------------

PC-3 tumor xenografts were established to study the in vivo tumor therapeutic efficiency of the codelivery of DTXL and GRP78 siRNA via LCP-RGD nanoparticles. Nude mice bearing PC-3 tumor xenografts were subjected to various formulations at 1.3 mg/kg GRP78 siRNA and 0.5 mg/kg DTXL every 3 days. As shown in [Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}, there was little tumor growth inhibition in either the free DTXL or free siRNA group when compared with the control group (Table S1). The tumor growth was much more efficiently inhibited in the free DTXL + free siRNA group, this indicated that there were some synergistic effects between DTXL and GRP78 siRNA. However, the tumor growth was almost completely inhibited in the NPs (DTXL + siRNA) group, suggesting that codelivery of DTXL and GRP78 siRNA via nanoparticles can be passively targeted to the tumor and then exert the most effective therapeutic effects ([Figure 8A](#F0008){ref-type="fig"}). And the NPs (DTXL + siRNA) group possessed the longest survival time compared with free DTXL + free siRNA group ([Figure 8C](#F0008){ref-type="fig"}). These excellent therapeutic effects appear to be related to the downregulation of the GRP78 gene in the tumor ([Figure 8D](#F0008){ref-type="fig"}).Figure 8Anticancer activity of codelivery of DTXL and GRP78 siRNA using nanoparticles against PC-3 cancer-bearing mice. (**A**) The cancer growth curves; (**B**) The body weight change curves; (**C**) the survival analysis; (**D**) the GRP78 expression level in the tumor tissue extracted from PC-3 cancer-bearing mice.**Abbreviations:** DTXL, docetaxel; NP, nanoparticle; GRP78, glucose-regulated protein of 78 kDa.

Systemic toxicity evaluation {#S0003-S2010}
----------------------------

Biosafety of drug and biomaterials is the basis for their wide use in medicine. Accordingly, we adopted histological analysis to evaluate the in vivo toxicity of free DTXL, free siRNA, free DTXL + free siRNA, and NPs (DTXL + siRNA). The physiological states of mice were recorded daily during the whole duration of the treatment. At the end of the treatment, all mice were sacrificed and the major organs were dissected and examined. All animals showed adequate activity. There was some damage in the heart in free DTXL group, and there was no obvious damage in heart, liver, spleen, lung, or kidney in all other groups. This indicated that DTXL and siRNA loaded LCP-RGD nanoparticles had no systemic toxicity ([Figure 9](#F0009){ref-type="fig"}). Thus, it is possible that the codelivery of DTXL and siRNA using LCP-RGD nanoparticles can be further developed for use in clinical practice in the future.Figure 9Histology hematoxylin and eosin (H&E) staining of major organs from mice after treatment with PBS and different formulations (original magnification ×200). No noticeable damages were observed in the NPs (DTXL + siRNA) group.**Abbreviations:** DTXL, docetaxel; NP, nanoparticle.

Discussion {#S0004}
==========

In this study, we prepared a novel LCP-RGD nanoparticle for codelivery of DTXL and GRP78 siRNA for CRPC therapy. CRPC is a progression phenomenon that often occurred in prostate cancer after a period of castration treatment, and often leads to patient death. And GRP78 overexpression is considered to be involved in the development of castration resistance.[@CIT0012],[@CIT0031] Additionally, some studies have shown that GRP78 overexpression is correlated with chemotherapy resistance in breast cancer, ovarian cancer, pancreatic cancer, etc.[@CIT0032]--[@CIT0035] Therefore inhibiting the function of GRP78 or knockdown GRP78 expression may reverse castration resistance and chemotherapy resistance. The advantages of using siRNA to downregulate the expression of GRP78 include high specificity and low toxicity to normal cells, but an efficient siRNA delivery vector is in urgent need as free siRNA can be easily degraded in blood and be hardly internalization by cells.[@CIT0036] Nanoparticles have been used as carriers for siRNA delivery for quite some time, and they can protect the siRNA from degradation during the delivery process.[@CIT0020],[@CIT0037] CaP-based nanoparticles are especially widely used for siRNA delivery, due to their good biocompatibility and high delivery efficiency. Since neovascular vessels are abundant in tumors, and αvβ3 integrin is highly expressed in cancer, we used the RGD peptide as a target moiety in our study.[@CIT0023],[@CIT0038] In this study, we prepared a novel LCP-RGD targeted nanoparticle, which can effectively encapsulate and then slowly release the siRNA and DTXL. We found that LCP-RGD nanoparticles can effectively load the GRP78 siRNA and silence the expression of the GRP78 gene in PC-3 cells, by more than 50% at the mRNA and protein expression level. After knocking down the GRP78 gene, the drug resistance ability of prostate cancer cells was dramatically reversed and the sensitivity of PC-3 cells to DTXL was increased. This may be due to the induction of cell cycle arrest, apoptosis and cell autophagy in PC-3 cells.

Cancer combinatorial therapy via codelivery of drug and gene is gaining more and more attention, and some studies have shown that treatment with drug and gene can have a synergistic effect.[@CIT0039]--[@CIT0041] Some carriers developed to codeliver drug and gene are not very effective in practice; these carriers often have low drug-loading ability and poor stability. However, the LCP-RGD nanoparticles showed good loading ability for both DTXL and siRNA, and also excellent sustained release of DTXL and siRNA, which lay a great foundation for its combined antitumor effects. DTXL can be easily encapsulated in the bilayer lipid of DOPA and DSPE-PEG, and siRNA can be easily encapsulated into the CaP core. Therefore, the DTXL was firstly released from the nanoparticle and then the siRNA was released from the nanoparticle. This property of LCP-RGD is useful for DTXL to kill cancer cells. Moreover, previous studies have also reported that knocking down GRP78 expression could enhance the chemotherapeutic agent efficiency.[@CIT0042]--[@CIT0044]

Additionally, in vitro cell viability experiments and in vivo prostate xenograft cancer experiments indicated that codelivery of DTXL and siRNA had the most effective therapeutic effects. There are at least three explanations for this synergism. First, more DTXL and siRNA may be taken up by PC-3 cells after encapsulation into the LCP-RGD nanoparticles. Second, the drug and siRNA can be more gradually released into the cytoplasm of PC-3 cells, compared with the bustle release of free DTXL and free siRNA, which is very important for cancer cell killing effects. Third, after knockdown of GRP78 expression by GRP78 siRNA, the DTXL could effectively induce cell cycle arrest, apoptosis, and autophagy. The core of the LCP-RGD nanoparticles contains the cationic Ca^2+^, and thus could bind the negative siRNA via electrostatic adsorption. Another possible reason may be attributed to the RGD group, as the RGD moiety bind to integrin αvβ3 and made nanoparticle concentrate in the tumor site via affinity to integrin αvβ3 integrin, thus increasing their chances of being taken up by cancer cells and delivering more drug.

Biostability is a very important problem concerning nanoparticles. After evaluating the LCP-RGD nanoparticles stability in 4°C and BSA, we determined that the size and PDI of nanoparticles in both surroundings are relatively stable. These findings indicated that LCP-RGD nanoparticles have good stability during physiological circulation after entering into the bloodstream. In addition, we also found that LCP-RGD has a low hemolysis rate, good anticoagulation property, optimal cell, and immune safety. Biosafety of biomaterials is a very important consideration for their future use in clinical practice. Accordingly, we evaluated in vivo biosafety of LCP-RGD in PC-3 tumor-bearing mice. The heart in the free DTXL group showed a little damage, however, when DTXL was encapsulated into the nanoparticles, almost no damage was observed. This suggested that DTXL and siRNA loaded nanoparticles had no obvious side effects on the tumor-bearing mice.

In conclusion, we developed a novel LCP-RGD nanoparticle for codelivery of DTXL and siRNA to treat CRPC, which has a good combinatorial therapeutic effect. We established that DOPA and DSPE-PEG polymer could encapsulate the chemotherapeutic agent DTXL, while the CaP core of the nanoparticle could effectively compress the negatively charged siRNA. The possible synergistic antitumor effects observed between DTXL and GRP78 siRNA may be related to increased cell cycle, apoptosis and autophagy after silencing GRP78, ultimately leading to a greatly enhanced cell killing effect of DTXL. Our study may have great potential for clinical applications.
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Table S1The PC-3 cancer volume during the treatment periodDayControl\
(mean)Control\
(SD)Free DTXL\
(mean)Free DTXL\
(SD)Free siRNA\
(mean)Free siRNA\
(SD)DTXL + siRNA (mean)DTXL + siRNA (SD)NP (DTXL + siRNA)(mean)NP (DTXL + siRNA)(SD)046.52.950.30.949.23.455.74.254.63.2290.24.183.73.187.27.177.43.658.94.84138.43.7117.25.8129.75.291.46.161.35.36196.49.3134.73.4164.78.1121.410.565.87.58379.412.6195.615.1267.711.5146.75.168.93.410553.627.5208.48.4377.49.8189.416.774.85.812768.935.9307.824.5522.212.5266.826.789.59.814892.846.9495.115.8620.923.8352.318.4109.35.3161100.134.2579.534.8857.213.7476.329.1148.911.3181350.676.7653.423.4905.436.7516.918.9168.916.3201489.556.8704.528.9973.821.9583.424.5188.220.5221566.759.4754.222.21151.727.5618.426.4213.518.6241788.348.3812.726.41232.225.6632.720.6248.817.5[^5]
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[^2]: **Note:** Data are represented as mean±SD (n=3).

[^3]: **Abbreviations:** P.I., polydispersity index; EE, encapsulation efficiency; DL, drug loading.

[^4]: **Abbreviations:**DTXL, docetaxel; NP, nanoparticle. 

[^5]: **Abbreviations:**DTXL, docetaxel; NP, nanoparticle.
